It has been suggested that working memory training programs are effective both as treatments for attention-deficit/hyperactivity disorder (ADHD) and other cognitive disorders in children and as a tool to improve cognitive ability and scholastic attainment in typically developing children and adults. However, effects across studies appear to be variable, and a systematic meta-analytic review was undertaken. To be included in the review, studies had to be randomized controlled trials or quasi-experiments without randomization, have a treatment, and have either a treated group or an untreated control group. Twenty-three studies with 30 group comparisons met the criteria for inclusion. The studies included involved clinical samples and samples of typically developing children and adults. Meta-analyses indicated that the programs produced reliable short-term improvements in working memory skills. For verbal working memory, these near-transfer effects were not sustained at follow-up, whereas for visuospatial working memory, limited evidence suggested that such effects might be maintained. More importantly, there was no convincing evidence of the generalization of working memory training to other skills (nonverbal and verbal ability, inhibitory processes in attention, word decoding, and arithmetic). The authors conclude that memory training programs appear to produce short-term, specific training effects that do not generalize. Possible limitations of the review (including age differences in the samples and the variety of different clinical conditions included) are noted. However, current findings cast doubt on both the clinical relevance of working memory training programs and their utility as methods of enhancing cognitive functioning in typically developing children and healthy adults.
The Nature of Working Memory
Working memory has been defined as "a brain system that provides temporary storage and manipulation of the information necessary for . . . complex cognitive tasks" (Baddeley, 1992, p. 556) . Historically, the concept of working memory evolved from earlier concepts of short-term memory. Short-term memory was initially seen as a limited capacity memory store that was subject to rapid loss due to decay (Atkinson & Shiffrin, 1968) . A number of studies have shown that measures of short-term memory, such as digit span, correlate modestly with measures of higher level cognitive function, such as IQ (Mukunda & Hall, 1992; Unsworth & Engle, 2007b) , reading (Swanson, Zheng, & Jerman, 2009) , and arithmetic skills (Swanson & Jerman, 2006) . In contrast to shortterm memory tasks such as digit span, working memory tasks involve trying to maintain information in active memory while simultaneously performing distracting or interfering activities (Case, Kurland, & Goldberg, 1982; Daneman & Carpenter, 1980) . In this sense working memory capacity could be seen as a limit on an individual's ability to repeatedly retrieve information from permanent or secondary memory that has been lost from the focus of attention due to competing cognitive activity (for a review, see Conway et al. 2005; Unsworth & Engle, 2007a , 2007b . Measures of working memory consistently show higher correlations with measures of higher level cognitive functions than do simple memory span tasks (for a review, see Engle, 2002) .
In practice, a wide range of tasks involving both verbal and nonverbal materials have been used to assess working memory skills (see, for example, Alloway, Gathercole, & Pickering, 2006; Kane et al., 2004) . It has been debated as to whether working memory capacity reflects separable, modality specific (verbal versus visual) systems or a domain-general cognitive capacity. Evidence from large-scale latent variable studies with both children and adults ) supports the conclusion that working memory capacity is best thought of as predominantly a domain-general capacity (though specific working memory tasks may show small degrees of modality specificity in their storage demands). The capacity tapped by these multiple measures of working memory capacity is typically conceptualized as reflecting some general limitation on attentional capacity (Engle, 2002) .
This conceptualization of working memory capacity as a general limitation on attentional capacity was perhaps first clearly articulated by Engle, Tuholski, Laughlin, and Conway (1999) . These authors gave a number of working memory tasks, together with a number of conventional short-term memory tasks (digit span and word span) and tests of general fluid intelligence (gf), to a large group of adults. They showed that measures of working memory were separate from (though correlated with) measures of shortterm memory. They argued that what was shared between the working memory and the short-term memory measures reflected memory storage, and the unique variance measured by working memory tasks was executive attention. When the variance common to working memory and short-term memory was statistically removed from the working memory measures, these measures still correlated well with gf, but when the variance common to working memory and short-term memory (STM) was removed from the STM measures, these measures no longer correlated with gf. These and similar findings led Engle (2002) to argue that the working memory construct is "related to, maybe isomorphic to, general fluid intelligence and executive attention" (p. 22).
It should be noted that this notion of working memory capacity as synonymous with executive attention in turn leads to the view that individuals' with high working memory capacity will perform better on tasks requiring the inhibition of distracting information. A number of lines of evidence support this idea. For example, individuals with high working memory capacity perform better on an "antisaccade task" in which they have to inhibit an eye movement towards a visual cue that occurs on the opposite side of the screen to a brief stimulus that requires a judgment (Kane, Bleckley, Conway, & Engle, 2001) . Similarly, the Stroop task requires participants to name the ink color in which a word is printed and to ignore the color word presented (e.g., say "red" when the word blue is presented written in red ink). On such incongruent trials, there is a strong tendency to respond with the color word, not the ink color. Kane and Engle (2003) showed that people with high working memory capacity found it easier to inhibit prepotent responses to the color words, but only in the more difficult condition when such incongruent trials were relatively infrequent (and hence, when the task goal may have slipped from the focus of attention). This result has also been replicated in children (Marcovitch, Boseovski, & Knapp, 2007) . People with high-working memory capacity also appear to be better at inhibiting distracting information in a dichotic listening task (Conway, Cowan, & Bunting, 2001 ).
In summary, working memory capacity is often regarded as tapping a domain general attentional resource limitation, so that working memory limitations are often associated with failures to maintain task focus and to inhibit the processing of, and responses to, distracting information. It is certainly the case that alternative, overlapping conceptualizations of working memory abound (e.g., working memory and inhibition may be seen as interdependent processes or that working memory may be seen as reflecting limitations in the ability to limit the processing of irrelevant information (Hasher, Lustig, & Zacks, 2007) . However, the conception of working memory capacity as a domain general attentional resource limitation is the one that seems dominant in the literature on the working memory training effects considered here.
The Putative Role of Working Memory in Cognitive Development
The idea that working memory tasks estimate the limits of an individual's attentional capacity has led researchers to hypothesize that such a limit might be expected to have critical implications for cognitive development (see Case, 1985; Pascual-Leone, 1970) . Furthermore, a working memory deficit has been invoked as a potential explanation for a variety of developmental cognitive disorders. In relation to reading disorders, a large number of studies have shown that children with reading problems have deficits on traditional, verbal short-term memory tasks (MelbyLervåg, Lyster, & Hulme, 2012) . Such findings have led to the suggestion that the efficient operation of phonological codes in memory is necessary for various phonological processes that are involved in learning to read words (Baddeley, 1986; Gathercole & Baddeley, 1993) . Moreover, Swanson (2006) argued that working memory deficits (that are not restricted to traditional short-term memory tasks) are fundamental problems in children with reading disabilities. He claims that "we believe that reading disabled students' executive system (and more specifically monitoring activities linked to their capacity for controlled and sustained attention in the face of interference or distraction) is impaired" (Swanson, 2006, p. 83) . Swanson argued that these broad working memory deficits contribute to problems in learning to read by creating problems in maintaining task relevant information, in suppressing task irrelevant information, and in accessing information from long-term memory.
Similarly, Passolunghi (2006) claimed that working memory problems are a central deficit in children with a mathematics disorder and that working memory plays a crucial role both in calculation and in solving arithmetic word problems (Passolunghi, 2006; Passolunghi & Siegel, 2001) . Deficits in executive functioning, including working memory, have also been proposed as playing an important role in accounting for the symptoms of attentiondeficit/hyperactivity disorder (ADHD) such as impairments of behavioral regulation, task planning, and selective attention (Klingberg et al. 2005; Mezzacappa & Buckner, 2010) . Working memory problems have also been suggested to represent a key component in explaining the cognitive difficulties seen in children with autism spectrum disorder (Kenworthy, Yerys, Anthony, & Wallace, 2008) and specific language impairment (Archibald & Gathercole, 2006) . For instance, Archibald and Gathercole (2006) claimed that it seems likely that the striking deficits of children with specific language impairment in these two key domains [i.e., verbal short-term memory and verbal working memory] of immediate memory . . . make a major contribution to the learning difficulties experienced by these children. (p. 154) However, a deficit in working memory capacity (executive control) is a very general explanation that seems insufficient by itself as an explanation for such a wide variety of seemingly disparate disorders (see Hulme & Snowling, 2009 ). It appears necessary to supplement such explanations either by postulating additional deficits in each of the different disorders or perhaps by postulating that different forms of working memory deficit might cause different forms of disorders (Hulme & Snowling, 2009 ). For example, Geary, Hoard, Nugent, and Bailey (2011) found that longitudinal differences in the growth of arithmetic skills between children with and without arithmetic problems were predicted by variations in a range of skills including number processing, retrieval of number basic facts from long-term memory, and in-class attention, in addition to working memory deficits.
Training Working Memory Capacity: Theoretical Issues
If, as generally assumed, working memory reflects a general attentional resource limitation, this predicts that training working memory, if successful, should show transfer effects to untrained tasks (Shipstead, Redick, & Engle, 2010) because such training should lead to an increase in a domain-general attentional capacity that is critical for performing many diverse tasks. More specifically, in this view, working memory training would be expected to show both near-and far-transfer effects (see Barnett & Ceci, 2002) . Near-transfer effects are effects on tasks close to those trained (e.g., improvements on a visuospatial working memory task following training on a verbal working memory task), whereas far-transfer effects are effects on tasks quite different from those trained (e.g., improvements on IQ tests following training on working memory tasks). Also, in line with theories that see working memory deficits as a potential explanation for a variety of developmental cognitive disorders such as reading disorder, mathematics disorder, ADHD, and specific language impairment, increases in working memory capacity might be expected to ameliorate the learning difficulties seen in these diverse groups of children. Therefore, theoretically, if one is able to train a domaingeneral working memory capacity successfully, far-transfer effects should be expected to occur to diverse skills and tasks that children may be struggling with (e.g., word decoding, arithmetic, attentional control, behavioral inhibition, and language abilities). This notion of transfer effects (see Holmes et al., 2010; Klingberg, 2010; Perrig, Hollenstein, & Oelhafen, 2009 ) also explains the potential practical importance of working memory training, since it should transfer to other "real world" tasks, such as performing an IQ test, or to improved attentional skills that might have general effects on cognitive development and school attainment.
Many claims have been made that working memory training has quite general effects, with perhaps the most striking claim being that it can result in increases on standardized measures of intelligence such as the Raven's Progressive Matrices test (Raven, Raven, & Court, 2003) . As outlined earlier, such far-transfer effects should be expected if working memory performance reflects principally the effects of a general-purpose attentional system. For example, Carpenter, Just, and Shell (1990) described Raven's Progressive Matrices as "a classic test of analytic intelligence . . . the ability to reason and solve problems involving new information, without relying extensively on an explicit base of declarative knowledge derived from either schooling or previous experience" (p 404). Furthermore, one of the major determinants of performance on this test, according to a formal model of performance developed by Carpenter et al., is the ability "to dynamically manage a large set of problem solving goals in working memory" (p 404). Such a view clearly leads to the prediction that working memory training programs, if they are effective, should give rise to improvements on attentionally demanding tasks such as Raven's matrices. It therefore appears particularly critical to assess the extent to which working memory training programs are effective in increasing scores on such a test. Such transfer effects are also critical in relation to demonstrating practical or clinical benefits from working memory training. If working memory training programs only have effects on tasks that are very similar to those that have been trained, this would undermine much of their proposed theoretical and practical importance.
Working Memory Training Programs
In recent years, several commercial, computer-based, working memory training programs have been developed. The most wellknown is CogMed (http://www.cogmed.com/) which is available in 30 countries and is widely used in schools and clinics. This program is based on eight different exercises involving both visuospatial and verbal working memory tasks, in which the difficulty level varies adaptively during training. Other commercially available working memory training programs include Jungle Memory (http://www.junglememory.com/), which is based on three different tasks, and Cognifit (http://www.cognifit.com/), which is based on auditory, visual, and cross-modal working memory tasks. This review includes studies that have used all three programs as well as other research based computerized working memory training methods.
Some strong claims have been made about the effectiveness of two of these commercial programs. The Jungle memory website claims that the program will benefit children with ADHD, dyslexia and language impairments, dyspraxia and sensory integration difficulties, and autism spectrum disorders, as well as children with poor grades. It is claimed that "Jungle Memory improved IQ, working memory, and grades . . . . Jungle Memory is the only brain training program proven to improve grades immediately after use" (http://junglememory.com). Similarly, the CogMed website claims that "CogMed Working Memory Training is a solution for individuals who are held back by their working memory capacity. That means several large groups: children and adults with attention deficits or learning disorders" and that "When you improve working memory, you improve fluid IQ . . . . you will be better able to pay attention, resist distractions, self-manage, and learn" (http:// www.cogmed.com).
It may be worth noting that these working memory training programs all involve adaptive tasks in which participants are given many memory trials to perform that are at or slightly above their current capacity. However, these programs do not appear to rest on any detailed task analysis or theoretical account of the mechanisms by which such adaptive training regimes would be expected to improve working memory capacity. Rather, these programs seem to be based on what might be seen as a fairly naïve "physicalenergetic" model such that repeatedly "loading" a limited cognitive resource will lead to it increasing in capacity, perhaps somewhat analogously to strengthening a muscle by repeated use.
Previous Reviews
Several recent narrative reviews have addressed the effects of working memory and cognitive training programs (Boot, Blakely, & Simons, 2011; E. Dahlin, Bäckman, Neely, & Nyberg, 2009; Diamond & Lee, 2011; Klingberg, 2010; Perrig et al., 2009; Shipstead et al., 2010; . The conclusions drawn from these narrative reviews are highly variable. Some of the reviews concluded that working memory training has very promising prospects. For example, Morrison and Chein (2011) concluded that "the results from individual studies encourage optimism regarding working memory training as a tool for general cognitive enhancement" (p. 46) and Klingberg (2010) concluded that "the observed training effects suggest that working memory training could be used as a remediating intervention for individuals for whom low working memory capacity is a limiting factor for academic performance or in everyday life" (p. 317). In contrast, Shipstead et al. (2010) were less optimistic and stated that "as of yet, the results are inconsistent and likely to be driven by inadequate controls and ineffective measurement of the cognitive variables of interest" (p. 245). This variation in the conclusions drawn from current narrative reviews probably reflects the fact that there are very large variations in results across studies in this field. Some studies show very large effects on far-transfer measures (e.g., Klingberg, Forssberg, & Westerberg, 2002) , while others show no far-transfer effects at all (e.g., Holmes, Gathercole, & Dunning, 2009 ). There is also considerable variability in how the studies included in the narrative reviews are selected (e.g., in some cases studies without a control group are included), and this may also help to explain why the reviews reach such disparate conclusions.
To clarify the picture, we believe it is necessary to conduct a meta-analysis that can synthesize the size of effects obtained from working memory training programs on both near and far-transfer measures. A meta-analysis will also allow us to identify outliers and to examine variables that may help to explain the variability in outcomes between studies. Establishing clearly the nature and size of effects produced by working memory training programs is of considerable theoretical and practical importance. Theoretically, clarifying this issue has potentially important implications for our understanding of the mechanisms of learning and learning disorders. On a practical level, such knowledge is also relevant to debates about methods for ameliorating learning disorders in both children and adults. In relation to practical applications of working memory training, it is critical to establish, if immediate training effects are obtained, how durable they are when assessed on delayed follow-up tests.
The Current Review

Scope and Aims of the Review
Given the potential practical and theoretical importance of claims that working memory capacity can be trained, we decided to conduct a systematic meta-analytic review of existing studies. We assess the extent to which working memory training has near-transfer effects, that is, benefits on other working memory tasks similar to those trained. More critically, however, we also assess far-transfer effects to tasks that have not been trained directly (e.g., does training on working memory tasks improve performance on measures of reading or IQ?). Transfer effects are also critical in relation to demonstrating practical or clinical benefits from working memory training. If working memory training programs only have effects on tasks that are very similar to those that have been trained, this would undermine much of their proposed theoretical and practical importance. Also, in prior studies there is a large variation in the groups on which training effects are tested (children, young adults, and older adults, both unselected and from clinical groups) and in how the training is implemented (training duration and type of program). Since there are only a relatively small number of studies of working memory training, we adopted broad inclusion criteria but aimed to examine how differences between studies in sample characteristics (e.g., age, clinical vs. unselected groups) and design features affected their results.
Methodological Issues in Studies of Working Memory Training
The narrative review by Shipstead et al. (2010) made it clear that many studies that have examined the effects of working memory training have not always applied adequate methodological criteria that would allow training effects to be unambiguously demonstrated (e.g., Holmes et al., 2010; Mezzacappa & Buckner, 2010) . However, the methodological requirements for an adequate study to demonstrate training effects on working memory are straightforward.
1. Any adequate study should have a random assignment of participants to the different groups. Random assignment serves to ensure that preexisting differences between participants cannot explain differences in outcome between groups.
2. The performance of a trained group needs to be compared with that of one or more suitable control groups (see below). In the absence of a control group, improvements between pretest and posttest in a trained group may simply reflect maturational changes, practice effects, or regression to the mean in studies that select participants for having low scores. Preferably, each group in a study should be tested before and after training. Analyzing changes between pretest and posttest scores across groups increases the power to detect a training effect. (Although, with random assignment, posttest scores alone may be interpretable, such a design is problematic unless large group sizes and robust randomization procedures are employed, see Shadish, Cook, & Campbell, 2002) .
3. Ideally, an alternative active training procedure, delivered in exactly the same way, should be compared with the working memory training procedure. This controls for apparently irrelevant aspects of the training that might nevertheless affect performance. In a review of educational research Clark and Sugrue (1991) estimated that such Hawthorne or expectancy effects account for up to 0.3 standard deviations improvement in many studies. Studies that only compare working memory training with an untreated control group therefore run the risk that positive results may simply reflect expectancy effects. Although negative results from such trials would suggest that training is not effective, the reasons for such null results may be hard to interpret.
In our review, the studies included had to use a design that allowed training effects to be tested (i.e., have a pretest-posttest design with a training group and a control group). However, we included both randomized and nonrandomized studies and studies with treated and untreated control groups. We used these variables in a moderator analysis to see how variations in the methodology used in the studies affected their results.
Method
The meta-analysis was designed and reported in line with the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement (www.prisma-statement.org). PRISMA is an international group of researchers in health care who have developed a consensus statement for the conduct and reporting of systematic reviews and meta-analyses.
Literature Search, Inclusion Criteria, and Coding
Details concerning the method of literature search and criteria for inclusion and exclusion of studies are shown in Figure 1 . To be included, a study had to use a working memory intervention and include standardized tests of nonverbal ability, verbal ability, attention, decoding, or arithmetic. Measures that involve problem solving primarily without relying on language were coded as
Screening
Included Eligibility
Records aŌer duplicates removed:
(n = 227)
Abstracts screened (n = 225)
Abstracts excluded (n = 113)
Full-text arƟcles assessed for eligibility (n = 114)
Full-text arƟcles excluded (n = 91) Reasons:
-Did not have a working memory intervenƟon or did not report empirical data (n = 75).
-Did not have a control group or compares two types of WM training (no untreated control group); (Gibson, Gondoli, et al. 2011 Holmes, Gathercole, Place, Dunning et al. 2010 Mezzacappa & Buckner, 2010) -Different control groups for working memory and transfer measures (K. I. E. Dahlin, 2011) -Only used raƟng scales (Beck, Hanson, et al., 2010) -Did not report data on the targeted transfer measures Engvig, Fjell, et al. 2010; Li, Schmiedek, et al. 2008; Kinsella, Mullaly, et al. 2009; Lundquist, Grundstr m, et al. 2010; Løhaugen, Antonsen et al. 2010; Owen, Hampshire et al. 2010; Serino, Ciaramelli, et al. 2007; Takeuchi, Sekiguchi et al. 2010; Vogt, Kappos, et al. 2009 ).
-Retracted by authors (Persson & Reuter-Lorenz, 2008) Studies included in meta-analysis (n = 23 studies, 30 independent group comparisons)
Inclusion criteria
Search features:
• Electronic databases (ERIC, Medline, APA PsychNET, ProQuest dissertaƟons, PsychInfo, and all citaƟon databases included in ISI web of knowledge from 1980-5.11.2011 with keywords "working memory training").
•
CitaƟon search on author names
Hand search of journals that specialize in publishing research on learning disabiliƟes • Search in prior narraƟve reviews • Google scholar • E-mail request to researchers in the field
Search
Included studies must:
• Be randomized controlled trials or quasi-experiments with a treatment and either a treated or untreated control group tested pre-and posƩest.
•
The treatment group had to receive an intervenƟon for at least 2 weeks based on an adapƟve computerized program that aimed to train working memory skills (verbal, visuo-spaƟal, or both).
• ParƟcipants could be of any language background and learner status, but studies of adults older than 75 years were excluded.
The studies must provide data so that an effect size can be computed for the transfer measures. nonverbal ability tests. Measures that involve comprehension and problem solving based primarily on verbal information were coded as measures of verbal ability. Measures that aimed to tap the participant's ability to concentrate selectively on one aspect of a task while ignoring others were coded as measures of attention. Notably, after going through the studies, it was clear that all studies that had measured processes related to attention had also included measures derived from the Stroop task (Stroop, 1935) , and this task was therefore coded. The Stroop task is usually regarded as a measure of inhibitory processes in attention (see Smith & Jonides, 1999) . We chose the Stroop task as our measure of attention in the meta-analysis simply because it was the one task that was included in all the studies included in the review. The measures of reading (decoding) coded here included measures of the accuracy or fluency of word or nonword reading. Arithmetic measures included tests involving addition, subtraction, multiplication, and/or division. In addition, performance on working memory tests was also coded. Measures in which the participant was instructed to do a cognitive or motor task while concurrently remembering visual or spatial material were coded as measures of visuospatial working memory. Measures in which the participant was told to do a cognitive or motor task while concurrently remembering verbal material were coded as verbal working memory measures. In all cases in which there was more than one test of a construct, the average of the means and standard deviations for the tests were coded.
A sample of 50% of the studies was coded by two independent raters. The interrater correlation (Pearson's) for main outcomes was r ϭ .97, 95% CI [.93, 1.00], p Ͻ .0001, and the agreement rate ϭ 87.65%; the intercoder correlation for age was r ϭ .99, 95% CI [.99, 1.00], p Ͻ .0001, and the agreement rate was 97.6%; and Cohen's kappa for categorical moderator variables was ϭ 0.88, 95% CI [.75, .97], p Ͻ .0001, and the agreement rate ϭ 97%. Any disagreements between raters were resolved by consulting the original article or by discussion.
Meta-Analytic Procedure
The analyses were conducted using the Comprehensive MetaAnalysis program (Borenstein, Hedges, Higgins, & Rothstein, 2005) . Effect sizes were computed using Cohen's d, with corrections for small sample sizes (Hedges & Olkin, 1985) . When Cohen's d is positive, the group receiving working memory training has the highest score. Cohen's d was calculated as the difference in gain (measured between pretest and posttest and at posttest immediately after training) between the training group and the control group and (when reported) for group differences in gain between the pretest and the follow-up test.
Overall effect sizes were estimated by calculating a weighted average of individual effect sizes using a random effects model. A 95% confidence interval was calculated for each effect size, to establish whether it was statistically significantly larger than zero.
Forest plots were used to examine the distributions of effect sizes and to detect outliers. A sensitivity analysis that allows an adjusted overall effect size to be estimated after removing studies one by one was undertaken to estimate the impact of outliers.
To examine the variation in effect sizes between studies, the Q-test of homogeneity was used (Hedges & Olkin, 1985) . I 2 was also used in order to determine the degree of heterogeneity. I 2 assesses the percentage of between-study variance that is attributable to true heterogeneity rather than random error.
Funnel plots for random effects models were used to determine the presence of publication bias. In a funnel plot, a sample size dependent statistic is plotted on the y-axis and the effect size is plotted on the x-axis. In the absence of publication bias, this plot should form an inverted symmetrical funnel. Notably, when using a random effects model, the funnel plot can be difficult to interpret visually (Lau, Ioannidis, Terring, Schmid, & Olkin, 2006) . Therefore, a trim and fill analysis was used in addition to the funnel plot. In the "trim and fill" method for random effects models (Duval & Tweedie, 2000) , the impact of publication bias is estimated, and in the presence of publication bias, a trim and fill analysis can impute values in the funnel plot to make it symmetrical and calculate an adjusted overall effect size. Notably, when there are few studies, these procedures for analyzing publication bias becomes less reliable (see Cooper, Hedges, & Valentine 2009 ).
When we coded articles, it became clear that there were numerous instances of missing data. If data were critical to calculate an effect size, articles with missing data were excluded if authors did not respond to an e-mail request to provide the data (see inclusion criteria in flow chart). In cases in which an effect size could be computed on one outcome but data were missing on other outcomes or moderator variables, the study was included in all the analyses for which sufficient data were provided.
Moderator Variables
The ability of moderator variables to explain the variability in effect sizes between the studies was examined. The following moderator variables were used:
Age. The average age of participants in each study was coded. In the moderator analysis, due to a nonnormal distribution, it was not possible to analyze age as a continuous variable. Studies were therefore separated into three groups based on sample age: studies of younger children (under the age of 10 years), older children (11-18 years) and young adults (younger than 50 years), and older adults (51 years or older).
Training dose. The duration of the training (total number of hours in training) was coded. For the analysis, due to a nonnormal distribution, training duration was divided into studies with a total training duration up to and included 8 hr and studies with a total training time of 9 hr or more.
Design type. The procedure for separating participants into training and control groups was coded (randomized or nonrandomized).
Type of control group. The amount of attention and computer practice the control group received compared with the training group was coded (treated or untreated control group).
Learner status. Characteristics concerning the sampling of participants in the study were coded (whether they were sampled from a group with learning disorders or were unselected).
Intervention type. Characteristics concerning the training and intervention programs were coded.
Results
Information about all the studies included in the review is shown in Tables A1 and A2 (see Appendix) . Table A1 shows sample age, participant characteristics, design characteristics, and information about the training program for each study. Table A2 shows the sample size, the constructs and indicators coded from each study, and the effect size (Cohen's d) for pretest-posttest and pretest-delayed follow-up group differences in gains. As can be seen in Table A1 , there are large variations between the studies in terms of both sample and design characteristics. It is also apparent in Table A2 that there were very large differences in the results from different studies. The moderator analysis is reported for pretest-posttest group differences on verbal working memory (see Table 1 ), visuospatial working memory (see Table 1 ), nonverbal ability (see Table 2 ), and attention (Stroop, see Table 3 ). For the remaining transfer measures and longterm effects, there were too few studies to allow meaningful moderator analyses to be performed.
Effects of Working Memory Training on Verbal Working Memory
Immediate training effects. Figure 2 shows the 21 effect sizes comparing pretest-posttest gains between working memory training groups and control groups on verbal working memory measures (N training groups ϭ 707, mean sample size ϭ 33.67, N controls ϭ 641, mean sample size ϭ 30.52). In summary, working memory training produces large immediate gains on measures of verbal working memory. There is considerable variation in the size of training effects across studies, with larger gains being shown in studies of younger children (below age 10 years) than in studies of older children (11-18 years).
Long-term training effects. Figure 3 shows the six effect sizes comparing pretest-posttest gains on verbal working memory measures between the working memory trained and control groups (N training groups ϭ 135, mean sample size ϭ 22.5, N controls ϭ 118, mean sample size ϭ 19.7). The mean effect size was small to moderate and nonsignificant (d ϭ 0.31), 95% CI [Ϫ0.19, 0.80], p ϭ .22. The heterogeneity between studies was significant, Q(5) ϭ 17.79, p Ͻ .01, I 2 ϭ 71.90%. The follow-up measure of verbal working memory was taken on average some 9 months after the posttest. A sensitivity analysis showed that after removing outliers, the overall effect size ranged from d ϭ 0.10, 95% CI [Ϫ0.30, 0.50], to d ϭ 0.47, 95% CI [0.00, 0.94]. The funnel plot indicated no publication bias, and hence, no studies were imputed in a trim and fill analysis.
In summary, overall, the training effects on verbal working memory measures were not maintained at follow-up (9 months after training). It is notable that in the study by E. , long-term effects were significant in the original study, but in this study, the verbal working memory task was very similar to the ones on which the participants had been trained.
Effects of Working Memory Training on Visuospatial Working Memory
Immediate training effects. Moderators of immediate training effects on visuospatial working memory are shown in Table 1 (second column). The only significant moderator variable was program type. Pairwise comparisons showed that the CogMed training program demonstrated higher effect sizes than did the four noncommercial programs developed by researchers for the purposes of their studies. However, the difference between the commercially developed programs (CogMed, Cognifit, and Memory Booster) was not statistically significant, Q (2) ϭ 3.95, p ϭ .14. In summary, working memory training produces moderately sized immediate gains on measures of visuospatial working memory, and there is little variation in effect sizes across studies. There was also evidence that CogMed training produces higher effect sizes than the four programs developed by researchers for the purposes of their studies.
Long-term training effects. Figure 5 shows the four effect sizes comparing pretest-posttest gains between working memory training groups and control groups on visuospatial memory measures (N training groups ϭ 102, mean sample size ϭ 25.5, N controls ϭ 94, mean sample size ϭ 23.5). The mean effect size was moderate and significantly greater than zero (d ϭ 0.41), 95% CI [0.13, 0.69], p Ͻ .001. The heterogeneity between studies was not significant, Q(3) ϭ Horowitz-Kraus & Breznitz, 2009 Schmiedek, et al. 2010 , comp 2 Alloway, (in press), comp. 1 Van der Molen, et al. 2010 , comp. 1 Van der Molen, et al. 2010 , comp. 2 Shavelson, et al. 2008 Alloway, (in press), comp. 2 Schmiedek, et al. 2010 , comp 1 Richmond, et al. 2011 , comp. 1 Thorell, et al., 2008 , comp. 2 Thorell, et al. 2008 , comp. 1 Jaeggi, et al. 2010 , comp. 2 St Clair-Thompson, et al. 2010 Jaeggi, et al. 2010 Alloway & Alloway, 2009 Borella, et al., 2011 2.45, p ϭ .48, I 2 ϭ 0%. On average, the follow-up measure was taken 5 months after the posttest (a shorter interval than for the verbal working memory). The funnel plot indicated no publication bias, and therefore, no studies were imputed.
In summary, superficially, the results here suggest that training effects on visuospatial working memory tasks are maintained at the delayed follow-up. However, in two out of the five studies assessed here (both from Van der Molen et al., 2010) , the immediate training effects revealed were small (and in one case negative) effect sizes that subsequently increased to moderate effect sizes at follow-up. Arguably, such a pattern needs to be interpreted with caution (since it seems unlikely that genuine training effects would increase in size after the end of training). In the light of this, we would argue that we badly need further studies to assess whether visuospatial working memory tasks show genuine longterm benefits from working memory training.
Immediate Effects of Working Memory Training on Far-Transfer Measures
Nonverbal ability. Figure 6 shows the 22 effect sizes comparing the pretest-posttest gains between working memory training groups and control groups on nonverbal ability (N training groups ϭ 628, mean sample size ϭ 28.54, N controls ϭ 528, mean sample size ϭ 24.0). Moderators of immediate transfer effects of working memory training to measures of nonverbal ability are shown in Table 2 . There was a significant difference in outcome between studies with treated controls and studies with only untreated controls. In fact, the studies with treated control groups had a mean effect size close to zero (notably, the 95% confidence intervals for untreated controls were d ϭ Ϫ0.24 to 0.22, and for treated controls d ϭ 0.23 to 0.56). More specifically, several of the research groups demonstrated significant transfer effects to nonverbal ability when they used untreated control groups but did not replicate such effects when a treated control group was used (e.g., Jaeggi, Buschkuehl, Jonides, & Shah, 2011; Nutley, Söderqvist, Bryde, Thorell, Humphreys, & Klingberg, 2011) . Similarly, the difference in outcome between randomized and nonrandomized studies was close to significance (p ϭ .06), with the randomized studies giving a mean effect size that was close to zero. Notably, all the studies with untreated control groups are also nonrandomized; it is apparent from these analyses that the use of randomized designs with an alternative treatment control group are essential to give unambiguous evidence for training effects in this field.
In summary, we would emphasize that based on results from the most robust designs (randomized trials with an alternative treatment control group), there is no evidence of transfer effects from working memory training to measures of nonverbal ability.
Verbal ability. Figure 7 shows the eight effect sizes comparing pretest-posttest gains between working memory training groups and control groups on verbal ability (N training groups ϭ 317, mean sample size ϭ 39.63; N controls ϭ 215, mean sample size ϭ 26.87). The mean effect size was small and nonsignificant (d ϭ 0.13), 95% CI [Ϫ0.09, 0.34]. There was no significant heterogeneity between studies, Q(7) ϭ 9.29, p ϭ .23, I 2 ϭ 24.64%; hence, the results were consistent across the studies in our sample. The funnel plot indicated no publication bias.
Stroop task (inhibitory processes in attention)
. Figure 8 shows the 10 effect sizes comparing the pretest-post-test gains between working memory training and control groups on the Stroop task (N training groups ϭ 194, mean sample size ϭ 19.4; N controls ϭ 168, mean sample size ϭ 16.8). The mean effect size was small to moderate (d ϭ 0.32), 95% CI [0.11, 0.53], p Ͻ .01. There was no significant heterogeneity between studies, Q(9) ϭ 8.17, p ϭ .51, I 2 ϭ 0%; hence, the results were very consistent across the studies in our sample. There was no indication of publication bias.
Moderators of the effects of working memory training on the Stroop task are shown in Table 3 . Note that due to the very small number of studies here, the power to detect significant differences between subsets of studies is low. Also, since I 2 ϭ 0%, there is little variation left to explain. This analysis should therefore be interpreted with caution.
Word decoding. Figure 9 shows the seven effect sizes comparing pretest-posttest gains between working memory training and Richmond, et al. 2011 Van der Molen, et al. 2010, comp. 1 Van der Molen, et al. 2010 , comp. 2 Holmes, et al. 2009 Nutley, et al. 2011 Westerberg, et al., 2007 Thorell, et al. 2008 , comp. 1 Shavelson, et al. 2008 , comp. 2 Jaeggi, et al., 2011 Chein & Morrison, 2010 Loosli, et al. 2011 Klingberg, et al. 2005 , comp. 1 Schmiedek, et al. 2010 , comp 1 Thorell, et al., 2008 , comp. 2 Jaeggi, et al. 2008 Jaeggi, et al. 2010 Jaeggi, et al. 2010 Schmiedek, et al. 2010 , comp 2 Borella, et al., 2011 Klingberg, et al. 2002 Effect sizes control groups on word decoding (word and nonword reading; N training groups ϭ 197, mean sample size ϭ 28.14; N controls ϭ 156, mean sample size ϭ 22.28). The mean effect size was small and nonsignificant (d ϭ 0.13), 95% CI [Ϫ0.07, 0.35]. There was no true heterogeneity between studies, Q(6) ϭ 2.65, p ϭ .85, I 2 ϭ 0%; hence, the results were consistent across the studies in our sample. The funnel plot indicated a bias to the left of the mean (studies with lower effect sizes than average). In a trim and fill analysis, one study was imputed, and the adjusted d ϭ 0.09, 95% CI [Ϫ0. 10, 0.30] .
Arithmetic. Figure 10 shows the seven independent effect sizes comparing pretest-posttest gains between working memory training groups and control groups on arithmetic (N training groups ϭ 198, mean sample size ϭ 28.28; N controls ϭ 188, mean sample size ϭ 26.86). The mean effect size was small and nonsignificant (d ϭ 0.07), 95% CI [Ϫ0.13, 0.27]. There was no true heterogeneity between studies, Q(6) ϭ 2.80, p ϭ .83, I
2 ϭ 0%; hence, the results were consistent across the studies in our sample. There was no indication of publication bias. Table 4 shows the total number of participants in training and control groups, the total number of effect sizes, the time between the posttest and the follow-up, and the mean difference in gain between training and control groups from the pretest to the followup. It is apparent that all these long-term effects were small and nonsignificant. The true heterogeneity between studies was zero for all variables, indicating that the results were consistent across the studies included here. The funnel plot with trim and fill analyses did not indicate any publication bias. As for the attrition rate, on average, the studies lost 10% of the participants in the Alloway, (in press), comp. 1 E. , comp. 1 Schmiedek, et al. 2010 , comp 2 E. Dahlin, Nyberg, et al. 2008 , comp. 2 Schmiedek, et al. 2010 training group and 11% of the participants in the control group between the posttest and the follow-up. Only one study with two independent comparisons reported long-term effects for verbal ability (E. In summary, there is no evidence from the studies reviewed here that working memory training produces reliable immediate or delayed improvements on measures of verbal ability, word reading, or arithmetic. For nonverbal reasoning, the mean effect across 22 studies was small but reliable immediately after training. However, these effects did not persist at the follow-up test, and in the best designed studies, using a random allocation of participants and treated controls, even the immediate effects of training were essentially zero. For attention (Stroop task) , there was a small to moderate effect immediately after training, but the effect was reduced to zero at follow-up.
Long-Term Effects of Working Memory Training on Transfer Measures
Discussion
Our meta-analysis of working memory training in children and adults reveals a clear pattern that has important theoretical and practical implications. Current training programs yield reliable, short-term improvements on both verbal and nonverbal working memory tasks. For verbal working memory, these short-term neartransfer effects are not sustained when they are reassessed after a delay averaging roughly 9 months. For visuospatial working memory, the pattern is less clear, and there is a suggestion that modest training effects may be present some 5 months after training, but the number of studies that this is based on is small. Most seriously, however, there is no evidence that working memory training produces generalized gains to the other skills that have been investigated (verbal ability, word decoding, or arithmetic), even when assessments take place immediately after training. For nonverbal reasoning, overall, there was a small but reliable improvement immediately after training. However, when we focus on studies using a robust design with treated controls and randomization, the effect size is zero. For attention (inhibition in the Stroop task), there is a small to moderate effect immediately after training, but the effect is reduced to zero at follow-up. Importantly, the pattern of results for transfer effects is highly consistent across studies, with the heterogeneity between studies being virtually zero for all measures except verbal ability.
Methodological Issues in the Studies of Working Memory Training
When reviewing working memory training, it becomes clear that there are methodological shortcomings in many studies. Several studies were excluded because they lack a control group, since as outlined in the introduction, such studies cannot provide any convincing support for the effects of an intervention (e.g., Holmes et al., 2010; Mezzacappa & Buckner, 2010) . However, among the studies that were included in our review, many used only untreated control groups. As demonstrated in our moderator analyses, such studies typically overestimated effects due to training, and research groups who demonstrated transfer effects when using an untreated control group typically failed to replicate such effects when using treated controls (Jaeggi, Buschkuehl, Jonides, & Shah, 2011; Nutley, Söder-qvist, Bryde, Thorell, Humphreys, & Klingberg, 2011) . Also, because the studies reviewed frequently use multiple significance tests on the same sample without correcting for this, it is likely that some group differences arose by chance (for example, if one conducts 20 significance tests on the same data set, the Type 1 error rate is 64% (Shadish, Cook, & Campbell, 2002) . Especially if only a subset of the data is reported, this can be very misleading.
Finally, one methodological issue that is particularly worrying is that some studies show far-transfer effects (e.g., to Raven's matrices) in the absence of near-transfer effects to measures of working memory (e.g., Jaeggi, Busckuehl, Jonides, & Perrig, 2008; Jaeggi et al., 2010) . We would argue that such a pattern of results is essentially uninterpretable, since any far-transfer effects of working memory training theoretically must be caused by changes in working memory capacity. The absence of working memory training effects, coupled with reliable effects on fartransfer measures, raises concerns about whether such effects are artifacts of measures with poor reliability and/or Type 1 errors. Several of the studies are also potentially vulnerable to artifacts arising from regression to the mean, since they select groups on the basis of extreme scores but do not use random assignment (e.g., Holmes, Gathercole, & Dunning, 2009; Horowitz-Kraus & Breznitz, 2009; Klingberg, Forssberg, & Westerberg, 2002) . Note. N ϭ number of participants; E ϭ experimental training group; C ϭ control group; CI ϭ confidence interval.
Practical Implications
Working memory training has sometimes been claimed to hold promise as a treatment for various forms of developmental disorders, including ADHD and reading disorders (Holmes, Gathercole, & Dunning, 2009; Horowitz-Kraus & Breznitz, 2009; Klingberg et al., 2005) . The findings from the studies reviewed here are clear. Working memory training has positive effects on tasks close to those trained (near-transfer effects rather than far-transfer effects, see Barnett & Ceci, 2002) . In all studies considered here, training has involved a variety of working memory tasks, and such training generalizes to other equivalent measures of working memory, but in no case is there evidence of a transfer to other less directly related tasks. This pattern of near-transfer effects in the absence of more general effects on cognitive performance (such as attention or nonverbal ability) or measures of scholastic attainment (reading or arithmetic ability) suggests that working memory training procedures cannot, based on the evidence to date, be recommended as suitable treatments for developmental disorders (such as ADHD or dyslexia).
It remains possible that training methods developed in the future will show better generalization, though current evidence is not encouraging in this regard. It also remains possible that these training programs, if applied to clinical groups of children (e.g., children with ADHD), would produce clear changes in specific symptoms, but so far, we lack evidence for this. We would note, however, that in some areas (for example in studies of children's reading and language difficulties) there is good evidence from randomized trials that "conventional" forms of treatment involving the direct training of reading and language skills are effective (e.g., Bowyer-Crane et al., 2008; Clarke, Snowling, Truelove, & Hulme, 2010) . In the light of such evidence, it would seem very difficult to justify the use of working memory training programs in relation to the treatment of reading and language disorders. Finally, given that most of the studies included here involved samples of typically developing children and healthy adults, we would argue that our findings cast strong doubt on claims that working memory training is effective in improving cognitive ability and scholastic attainment in these groups.
Theoretical Implications
The pattern of near-transfer effects in the absence of far-transfer effects in studies of working memory training is hard to give a strong interpretation. This might be seen as a kind of null result, and it is impossible to rule out the possibility that future studies will be able to demonstrate far-transfer effects using different working memory training methods. However, it is equally possible that such far-transfer effects will not be forthcoming precisely because improvements in a modality independent working memory construct that is "related to, maybe isomorphic to, general fluid intelligence and executive attention" (Engle, 2002, p. 22) are difficult or impossible to produce with short-term programs rather restricted training programs. The training programs examined here are all of a relatively short duration (the mean duration of training across all studies was 12 hr). Furthermore, we would argue that current working memory training programs do not appear to be based on any clear theory of the processes involved or any clear task analysis. Rather, it seems these programs are based on what might be seen as a fairly naïve "physical-energetic" model: If you train a process (working memory), you will produce improvements in that process, perhaps by analogy with strengthening a muscle by exercising it.
The pattern of near-transfer effects in the absence of far-transfer effects documented in this review certainly needs to be interpreted with caution. Perhaps the most negative interpretation would be that the changes documented on near-transfer measures reflect very low-level changes in things like familiarity with specific tasks or even familiarity with being tested on a computer. A more interesting possible explanation, but one that current evidence does not necessitate, would invoke the idea that working memory training brings about some modality specific effects on memory processes per se. As outlined earlier, a guiding assumption has been that any conceivable working memory task should tap a "domainfree executive-attention system" as well as some memory-specific representational processes (perhaps the phonological and semantic representations of words (see, Melby-Lervåg & Hulme, 2010 ) that have to be remembered in a verbal working memory task. In this view, the pattern of near-transfer effects after working memory training documented here might be taken to suggest that these effects reflect modality specific (verbal or nonverbal) effects on memory processes rather than effects on a domain-free executiveattention system. We would emphasize, however, that this level of explanation is probably not necessary to deal with the evidence we have reviewed from current studies.
Also, it is worth noting that older studies have documented that intensive practice on certain memory tasks can lead to improvements on those tasks (e.g., Ericsson, Chase, & Faloon, 1980 ) that appear to be the product of task-specific strategies rather than a reflection of any generalizable improvements in "memory" per se. It remains a possibility that the near-transfer effects from working memory training demonstrated here reflect such task-specific strategy effects.
Finally, it might be argued that since the studies reviewed here typically only produce relatively short-lived task-specific improvements on working memory tasks, it is unreasonable to expect such training procedures to show transfer effects to other tasks such as reading and arithmetic. Our reason for evaluating such claims here is precisely because such transfer effects have often been claimed to be present in individual studies, and such effects have been claimed to be of practical importance by proponents of these programs. If reliable and durable effects of working memory training on working memory capacity can be demonstrated in future studies, a key question will be to assess possible transfer effects to other cognitive skills using psychometrically sound measures.
Limitations of the Current Meta-Analysis
Publication bias is potentially a serious threat to the validity of our meta-analysis of the effects of working memory training. Several methodological articles have shown that experimental studies of intervention effects such as those reviewed here are particularly vulnerable to publication bias. For example, Scherer, Langenberg, and von Elm (2007) traced roughly 3,000 randomized controlled trials presented at medical conferences and found that only approximately 60% ended up as published articles. The most important predictor of whether a study ended up being published was whether it demonstrated a positive result. Although we searched for gray literature (dissertations, conference proceeding, reports) and also contacted researchers in the field, we did not manage to retrieve any unpublished studies. Hence, in our meta-analysis, publication bias potentially represents a missing data problem. However, it is reasonable to suppose that this missing data problem would be likely to artificially inflate our estimate of the effect of working memory training because it is to be expected that studies that fail to find an effect of working memory training are less likely to be published than studies showing positive effects of training. This was illustrated by Cuijpers, Smit, Bohlmeijer, Hollon, and Andersson (2010) , who showed in a large set of therapy trials that the mean effect size was overestimated by d ϭ 0.25 due to publication bias. It seems reasonable to suggest, therefore, that the true effects of current working memory training programs are likely to be even smaller than the effects estimated from our current meta-analysis.
A common, generic criticism of meta-analysis is that studies that are brought together differ in their characteristics and that when creating a summary of outcomes, important differences between studies may be ignored (see Bailar, 1997; Borenstein et al., 2009) . However, it is important to note that one strength of meta-analysis is that the differences between studies can be addressed formally by examining the effects of moderator variables. In this review, in all cases in which there were a sufficient number of studies, we analyzed the impact of moderator variables on outcomes. As is apparent from these analyses (see Tables 3, 4 , and 5), the results are very consistent across the different categories of moderators (the impact from moderator variables was significant in only 4 out of 25 different analyses). Also, for the far-transfer measures (both at posttest and follow-up test), it is crucial to note that the variation between the studies was essentially zero for measures of inhibitory processes in attention (Stroop) , word decoding, and arithmetic and was small and nonsignificant for measures of verbal ability. In short, it is not likely that for any of the far-transfer measures there is appreciable systematic variation between the studies that can be explained by moderator variables. We should also note that the moderator analyses had to merge together participants from diverse clinical groups (including children with ADHD, dyslexia, and poor working memory and those with learning disabilities) simply because there were too few studies with clearly defined groups to make separating them meaningful. However, the very low degree of heterogeneity in the outcome on the far-transfer measures really does not encourage the view that there are large differences in outcome between these diverse groups.
Finally our meta-analyses combined studies of children and adults covering a wide range of age groups. Due to the small number of studies and the nonnormal distribution of age, in the moderator analyses using age, we had to split the sample of studies into four categories. For verbal working memory, younger children had reliably better training effects than did older children, while on the far-transfer measure, we found no reliable differences between the age categories in outcome. However, one might hypothesize that there could be developmental periods during which children are particularly sensitive to training (specifically, some might expect working memory training might be more effective in younger children, when neural systems are more plastic). In our moderator analysis, children under the age of 10 years are merged together in one category. This age category is very broad and might not be sensitive enough to capture whether the youngest children (say children below 7 years of age) show particularly strong effects of training. However, if one considers the two studies examining the youngest children (St. Clair-Thompson, Stevens, Hunt, & Bolder, 2010, children' s mean age ϭ 6 years 10 months; Thorell, Lindqvist, Bergman, Bohlin, & Klingberg, 2009, children' s mean age ϭ 4 years 6 months), neither of these studies demonstrates larger effect sizes on the far-transfer measures than the other studies that we considered (see Figures 6, 8, & 10) .
Conclusions
Currently available working memory training programs have been investigated in a wide range of studies involving typically developing children, children with cognitive impairments (particularly ADHD), and healthy adults. Our meta-analyses show clearly that these training programs give only near-transfer effects, and there is no convincing evidence that even such near-transfer effects are durable. The absence of transfer to tasks that are unlike the training tasks shows that there is no evidence these programs are suitable as methods of treatment for children with developmental cognitive disorders or as ways of effecting general improvements in adults' or children's cognitive skills or scholastic attainments. Note. C ϭ control group; E ϭ experimental training group; WM ϭ working memory; ADHD ϭ attention-deficit/hyperactivity disorder.
(Appendix continues) 
(7)
Verbal ability (category fluency, e.g., say as many animals you can that start with the letter s) 0.12 Ϫ0.08
Nonverbal ability (Raven) 0.06 0.28 E. Verbal working memory (letter memory). 
